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Abstract 
 
In recent years, organic electronics have attracted great attention due to their multiple 

advantages such as light weight, flexibility, large area fabrication and cost-effective 

production processes. The recent progress in fabricating organic electronic devices has been 

achieved with the development of new materials which provide competing functionalities to 

the electronics devices.  However, as it happens with all type of technologies, organic 

electronics is not free from challenges. In the latest OE-A Roadmap for organic and printed 

electronics (2011), the “red brick walls” were identified, and the following three main 

challenges were pointed out as the potential roadblocks from the material point of view: 

electrical performance, solution processability (especially formulations in non-toxic 

solvents) and environmental stability. Currently there is a significant increasing interest in 

optimizing or developing novel materials to meet those requirements. 

 

This thesis presents processing development and study of nanofibrillar materials and deals 

with the optimization for its applicability for organic electronics. The overall work 

presented in the thesis is based on three nanofibrillar materials: Polyaniline (PANI), carbon 

nanotubes (CNTs) and the CNT/PANI composite. First, the solution processability of 

carbon nanotubes and polyaniline is studied respectively, and through covalent and non-

covalent methods, stable aqueous dispersions of these materials are successfully achieved. 

 

Second, a composite consisting of multi-walled carbon nanotubes (MWCNTs) and PANI 

with a core-shell structure is developed and characterized. The investigation of the effects 

of the loading and type of nanotubes incorporated in the composite material, led to 

understanding on the fundamental theory underlying the composite morphology. Based on 

those findings and by carefully optimizing the synthesis procedure, water dispersible 

MWCNT/PANI nanofibrillar composite is successfully synthesized becoming compatible 

with solution processable techniques, such as spray coating and potentially with printing 

technology. With the incorporation of carbon nanotubes, the nanofibrillar composite 

reaches conductivities 20 times higher than that of the pure polymer. Moreover, the 

presence of the nanotubes in the composite material decelerates up to 60 times the thermal 

ageing of its conductivity, making the polymer more robust and suitable for possible 
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manufacturing processes. Furthermore, the composite material still retains the advantageous 

properties of PANI: electrochromism, tunable conductivities, and sensing capabilities.  

 

Third, the stable dispersions of PANI, CNTs and MWCNT/PANI composite were 

effectively deposited by spray coating technique on several low-cost substrates (PET, PEN, 

polyimide and papers), and homogeneous, flexible, large-area films were fabricated. 

Additionally, by spraying the materials on pre-fabricated inkjet printed electrodes, a pH 

sensor based on the MWCNT/PANI composite and a humidity sensor based on 

functionalized MWCNTs capable of working at GHz range were demonstrated, which 

shows that the nanofibrillar materials studied in this thesis work are promising sensor 

materials for wireless application at ultra-high frequency (UHF) band. 

 

Finally, the humidity sensor was integrated into a sensor-box demonstrating a hybrid 

interconnection platform where printed electronics can be seamlessly integrated with 

silicon-based electronics. The integration closes the gap between the two technologies, 

anticipating the adaption of organic electronic technologies.   

 

Keywords: Organic electronics, polyaniline, carbon nanotubes, composite, spray coating, 

solution processability, morphology, electrical conductivity, ageing, sensor, system 

integration. 
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1. Introduction 
 

In recent years, the global interest in organic electronics* has increased exponentially. This 

new platform technology is established on the combination of novel materials and cost-

effective production processes that arises new possibilities for applications and products 

[1]. It enables new applications in almost every branch of our economy opening up new 

markets and therefore, the global market for organic and printed electronics forecast 

predicts that by 2016 the printed and potentially printed electronics market will be 

US$ 12.2 billion rising to US$ 44.3 billion in 2021[2] (Figure 1.1).   

 

 
Figure 1.1.Global market forecast for Organic and Printed Electronics. Courtesy: 

IDTechEx 

 

In 2005/2006 the first products based on organic electronics reached the market. In this 

sense, passive identification cards used for ticketing or toys [3], and flexible Lithium 

polymer batteries used for smart cards and portable electronics are already available since 

several years ago [4,5]. In 2009 the first organic photovoltaic (OPV) and organic light-

emitting diode (OLED) lightning based products became available and, more recently, OPV 

bags to charge mobile electrical devices, flexible e-paper price labels, large-area organic 

pressure sensors for applications such as retail logistics and printed electrodes for glucose 

test strips have been also introduced in the market [6,7,8,9](Figure 1.2).  
 

*In this thesis, we use the term Organic Electronics in a broader sense, involving terms such as printed, polymer, 
flexible, thin film, large area or printable inorganic electronics, which in the end, all mean the same thing: 
electronics beyond the classical approach [10]. 
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Figure 1.2.Overview of the OE-A Roadmap for organic and printed electronics 

applications. Courtesy: Organic Electronics Association (OE-A) 

 

However, organic electronics does not pretend to replace the conventional manufacturing of 

silicon technology, but it is intended to be a complementary technology [11]. Organic 

electronics provides a technology that allows the production of flexible, conformal, rollable 

or large area electronic devices; thus introducing features that cannot be done or struggle to 

do the conventional electronics, and therefore increasingly creating new markets (Figure 

1.3). 

 

One of the most important advantages of organic electronics is the variety of device 

fabrication methods that can be used, covering from the expensive and more conventional 

technology based on vacuum deposition [12,13], to the less expensive solution-based 

processes, such as printing, doctor blading, or spin/spray coating technologies [14,15]. 

While the former is based on production steps that require high temperature and high 

vacuum, the latter are generally characterized by room temperature and atmospheric 

pressure conditions [16], leading to cheaper devices [17]. In this regard, in thin film 

electronics, the cost of the material rarely determines the cost of the end product, which is 

typically dominated by the fabrication and packaging costs [18]. As an example, in the solar 

cells technology, while the active layer in silicon solar cells is 100-200 μm, the same layer 

in thin film polymer based solar cells is 0.1 - 0.3 μm. Therefore, although the polymers are 
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rather expensive, the cost per square meter is greatly reduced when using organic 

electronics [19]. Thus, the ability to deposit organic films by the less expensive solution-

based processes on a variety of low-cost substrates is decisive when aiming towards low-

cost organic electronics, ability which is based on the solution processability of the 

materials to be deposited [17,20]. 

 

 
Figure 1.3.Split of printed and potentially printed electronics market in 2021. Courtesy: 

IDTechEx. 

 

The development of new organic electronic applications can be highly improved by the 

implementation of functional materials in organic electronics, providing competing 

functionalities and desired properties to the electronic devices. However, these functional 

materials have to be carefully chosen in order to meet the process conditions and the 

required device performance and stability; parameters which were identified as red brick 

walls (related to the materials area) in the last roadmap made by the Organic Electronics 

Association (OE-A) (Figure 1.5). In particular, the OE-A states that the materials need to be 

improved concerning their electrical performance, processability (especially formulations in 

non-toxic solvents) and environmental stability (to enable operation in more robust 

environments) [10]. 

 

Split of printed and potentially printed 
electronics market in 2021 (US$ billions)

OLED Display (18)

Other (2.7)
Sensors (2.8)
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E-Paper Display (7)
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OLED Lighting (2.1)

Total volume: US$ 44.3 billion
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Figure 1.5.OE-A Roadmap for organic and printed electronics, with forecast for the market 

entry in large volumes (general availability) for the different applications. Courtesy: OE-A. 

 

One type of materials commonly used for manufacturing organic electronics at low cost are 

polymers, given their ability to be processed in solution [21,22,23]. Most polymers are 

electrically insulating, and have been traditionally used in electrical applications as 

insulator materials. However, in 1977 Alan J. Heeger, Alan G. MacDiarmind and Hideki 

Shirakawa discovered a new type of polymers, which upon chemical doping could greatly 

increase their conductivity [24]. This new type of polymers, named intrinsically conductive 

polymers (ICPs), offers many advantages in the field of organic electronics in terms of 

processability, flexibility and conductivity. Their discovery was of such importance, that in 

the year 2000, these three scientists were awarded the Nobel Prize in Chemistry “for the 

discovery and development of conductive polymers” [25]. ICPs are expected to find their 

potential applications in multidisciplinary areas such as electronics, electrochemistry, 

membranes, sensors and thermoelectrics, among others [26,27,28,29,30,31,32,33] (Figure 

1.5). However, many of these potential applications have not been yet fully exploited 

because of a series of challenges that need to be overcome: the lower level of conductivity 
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that ICPs present compared to metals [34] and the poor stability (ageing) that many of these 

ICPs exhibit under atmospheric conditions [35,36]. 

 

 
Figure 1.5.A printed electrochromic display fabricated with Poly(3,4-

ethylenedioxythiophene) poly(styrenesulfonate)(PEDOT:PSS). Courtesy: Acreo. 

 

Another material with great potential in the organic electronics field is carbon nanotubes 

(CNTs). The research on these nanostructured materials was boosted by the findings 

published in 1991 for multi-walled carbon nanotubes (MWCNT) [37] and in 1993 for 

single-walled carbon nanotubes (SWCNT) [38], both made by Professor S. Iijima and they 

are well known due to their various outstanding physical properties [39]. Thanks to their 

remarkable properties, many device structures have been proposed having potential 

applications in the field of electronics [40,41,42] and nowadays in organic electronics 

[43,44,45,46]. However, due to their poor solubility in both water and organic solvents, 

CNTs have very poor processability, limiting their use in practical applications [47,48]. 

Fortunately, in the recent years, a variety of approaches have been proposed to solubilize 

them and thus enhance their processability, including the covalent functionalization by 

treatment with strongly oxidizing acids [49,50], extensive high-power sonication [51] 

followed by non-covalent modification of the nanotubes with polymers and surfactants 

[43,47, 52]  

 

In this regard, one plausible strategy to enhance both the electrical performance of 

conductive polymers and CNTs processability is to develop carbon nanotube/polymer 

composites. In this type of composites, the processability of the nanotubes is improved, 

while the conducting polymer can benefit from reinforced mechanical properties and 

enhanced conductivity [53,54,55,56,57,58] (Figure 1.6). The combination of carbon 

nanotubes with polymers could introduce also new electronic properties based on the new 
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morphological disposition or based on the electronic interaction between the two 

components which leading to new functionalities and applications [59,60].  

 

 
Figure 1.6.An example of composite material consisting on Single-walled Carbon 

nanotube/Polyvinylpyrrolidone (SWCNT/PVP), where the SWCNTs gain processability. The 

figure shows some possible wrapping arrangements of PVP on a SWNT.  Figure adapted 

from [53]. 

 

In summary, organic electronics is based on the combination of new materials and cost-

effective, large-scale deposition techniques. As the promising materials which are currently 

being developed in lab-scale are optimized and reach the full production manufacturing 

scale, we can anticipate that organic electronics whose applications are now only being 

pictured, will eventually change the technological world as we presently know it [18,20]. 

 

Thesis Objective and Structure: 
 

This thesis aims to develop and investigate solution processable nanofibrillar materials for 

organic electronics. As presented in the introduction, the main challenges that the materials 

are facing in this field are the electrical performance, the solution processability and their 

environmental stability. Conducting polymers, such as polyaniline (PANI), are potential 

materials for organic electronics. However PANI’s electrical performance is still poor. By 

combining PANI with carbon nanotubes into a new composite material (MWCNT/PANI), 

it’s conductivity can be improved. Therefore, in this thesis, a composite material consisting 
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of MWCNTs and PANI is developed and optimized to be compatible with solution 

processable technologies, i.e. water dispersible. The molecular interaction between the 

polymer and the nanotubes is studied and the influence of the nanotubes in the composite 

morphology and the electrical conductivity is investigated. Moreover, due to the important 

role of the stability of the conductivity for their use in real applications, the thermal ageing 

of the composite conductivity is also explored. Finally, the applicability of the nanofibrillar 

materials studied in this thesis is demonstrated by fabricating two sensor devices based on 

the studied functional materials. 

 

The thesis is organized as follows: 

 

• Chapter 2 introduces briefly the basics of ICPs, in particular PANI, CNTs and 

MWCNT/PANI composite. The solution processability of PANI and CNTs is also 

discussed. 

 

• Chapter 3 concerns the conventional synthesis of PANI in the presence of 

MWCNTs resulting in the formation of MWCNT/PANI composite. The synthesis 

is realized by means of in situ polymerization with dilute aniline concentration on 

the surface of functionalized MWCNTs (f-MWCNTs). The composite is 

characterized and the effect of nanotube loading is studied on the composite 

morphology. 

 

• Chapter 4 concerns an improved synthesis of the MWCNT/PANI composite 

resulting in nanofibers which are dispersible in aqueous solution. The synthesis 

procedure is based on the suppression of the heterogeneous nucleation, and is 

performed either in the presence of pristine MWCNTs or functionalized carbon 

nanotubes (f-MWCNT). The composite morphology and solubility is studied as a 

function of the type of nanotubes employed in the procedure. Further 

characterization is done on the water dispersible MWCNT/PANI composite. 

 

• Chapter 5 describes the thin film fabrication by spray coating technique. 

Homogeneous and large-area thin films of CNTs as well as MWCNT/PANI 

composites are deposited on different low-cost substrates. 
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• Chapter 6 presents the characterization of the MWCNT/PANI thin films in terms 

of electrical conductivity and thermal stability of the conductivity. The electrical 

conductivity of the composite material is studied as a function of MWCNT content 

and a possible conduction mechanism is presented in the chapter. The effect of the 

carbon nanotube loading on the thermal ageing of the conductivity is also 

investigated and the experimental results are compared with a well-known ageing 

model for polymeric materials. Moreover, the characterization of the thermal 

stability of the MWCNT/PANI composite by means of Raman spectroscopy is also 

presented in the chapter. 

 

• Chapter 7 demonstrates our attempts to integrate these new materials into real 

applications: a pH sensor based on MWCNT/PANI composite and a humidity 

sensor based on f-MWCNT. Moreover, the integration of the CNT based humidity 

sensor into a proof-of-concept “sensor-box” is also presented in this chapter. 

 

• Chapter 8 includes a summary of the thesis as well as a future outlook. 
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2. Functional materials for organic electronics 
 

Organic electronics are built upon an extensive variety of electrically active materials. 

Some of the most commonly used are conductors, semiconductors, dielectrics, luminescent, 

electrochromic, electrophoretic or encapsulating materials [10]. These active materials give 

functionality to the electronic devices, playing a key role in the organic electronics field. In 

this matter, the successful application of these functional materials relies on the ability to 

deposit them and fabricate large-area and homogeneous films through innovative and cost-

effective methods, which in most cases are solution-based (i.e. printing technology, spin 

coating, doctor blade technology, spray coating, etc.).  

 

In this chapter, the functional materials used in the experimental part of the thesis will be 

introduced (PANI, CNT and CNT/PANI composite). The processability of these materials 

will also be addressed in the chapter, due to its importance in the compatibility with the 

solution-processable techniques. The discussion in this chapter refers to Paper I and VI. 

 
2.1 Conducting polymers 
 

In 1977, A. Heeger, A. MacDiarmid and H. Shirakawa demonstrated that chemical doping 

of polyacetylene (CH)x can enhance its electrical conductivity by many orders of 

magnitude, reaching typical conductivity values of metals [24]. This discovery revealed 

new fundamental properties in polymers resulting in a new research field (intrinsically 

conducting polymers, ICPs) and offering novel applications to the polymer world such as 

electrochemical components, batteries, capacitors, sensors, electromagnetic shielding, etc 

[20, 27,61,62,63,64,65,66, 67,68]. 

 

Conventional polymers and conducting polymers do not differ so much in the overall 

structure. Both types of polymers are formed by the repetition of a monomer unit. However, 

conventional polymers are insulators while ICPs possess a range of conductivity values 

depending upon their oxidation state [69]. In order to understand the difference that exists 

between them, we should look at the carbon atom, the building block of all organic 
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materials. Diamond and graphite are two materials that consist only of carbon atoms. 

However, they exhibit very different mechanical and electrical properties: while diamond is 

transparent, non-conducting and extremely hard, graphite is black, conducting and fragile. 

The difference between them relies on the hybridization of the carbon atom: while in 

diamond the carbon atom is sp3-hybridized, in graphite is sp2-hybridized. In a sp3-

hybridized material, the four valence electrons in the carbon form symmetrical σ-bonds to 

four other atoms and in a sp2-hybridized material, three valence electrons form symmetrical 

σ-bonds while the last valence electron is left in the 2p orbital orthogonal to the plane of the 

σ-bonds, forming a π-bonds with the neighboring 2p-electrons and creating a double bond 

(together with the σ-bond) (Figure 2.1) [70]. 
 

 
Figure2.1. Illustration of sp3 (a) and sp2 (b) hybridization. Figure adapted from [70]. 

 

While conventional polymers are formed only by σ bonds (sp3 hybridization), conducting 

polymers contains both σ and π bonds (sp2 hybridization). The localized electrons in the σ-

bonds form the backbone in a polymer chain; they are very strong bonds which make the 

polymer stable and electrically insulating as there are no free electrons in the system. On 

the other hand, the electrons in the π-bonds are delocalized along the chain, being easier to 

excite and conferring the optical and electronic properties to the polymer [21]. Therefore, in 

order to achieve electrical conductivity, the polymer should contain conjugation (an 

alternation between single and double bonds) along its chain. Moreover, conjugated 

polymers needs to be “doped” in order to render conductivity, by adding mobile charges 

and delocalizing the electrons along the backbone. This process is done through oxidation 

or reduction and the polymer becomes p-doped or n-doped. By oxidation, an electron is 
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removed and the polymer becomes positively charged (being stabilized locally by an 

anion). Those charges then migrate in the polymer film creating electrical current. This type 

of doping is the most common, because in the reductive doping, the n-doped polymer 

becomes very unstable when exposed to ambient atmosphere as it will spontaneously 

oxidize, ending up in the neutral state again [71]. One important feature of this doping 

process is that the process is reversible, i.e. the doped polymer can be made neutral through 

a “dedoping” process. And this feature makes conducting polymers very interesting for 

many applications, especially for sensing applications. 

 

 
Figure 2.2.Example of some conducting polymers: (a) trans-polyacetylene, (b) 

polythiophene, (c) poly(para-phenylene), (d) polypyrrole, (e) polyaniline and (f) poly(3,4-

ethylenedioxythiophene). Figure adapted from [70]. 

 

Through the years, different classes of conjugated polymers have been developed (Figure 

2.2). Polyacetylene, the simplest conjugated polymer, has in its doped form the highest 

conductivity among ICPs, even comparable to that of metallic copper; however, its stability 

and processability are very poor, making it a very weak candidate for real applications [24]. 

As the years passed, more stable ICPs have been developed and several ICPs such as 

polypyrrole, polythiophene or PANI have demonstrated much better stability, despite much 

lower conductivity than polyacetylene [72,73,74]. 

 

2.2 Polyaniline 
 

Polyaniline is one of the most studied conducting polymers and differs from the other ICPs 

in two aspects: (1) it exists in three different oxidation states: pernigraniline, emeraldine 
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and leucoemeraldine (Figure 2.3); and (2) can be doped by acid/base chemistry [75,76]. In 

its emeraldine oxidation state, PANI becomes electrically conducting when doped with an 

acid (emeraldine salt) and can be further dedoped (becoming electrically insulating) by 

putting it in contact with a base (emeraldine base). These two properties, together with its 

ease of synthesis, inexpensive monomers, good environmental stability and tunable 

conductivities make PANI a promising material for many applications such as batteries, 

electrochromic devices, actuators, electromagnetic shielding, antistatic coating 

[73,77,78,79] and specially for sensing applications due to its acid/base doping/dedoping 

chemistry [80,81,82]. 

 
Figure 2.3.Polyaniline in its three oxidation states: the fully oxidized pernigraniline state, 

the half-oxidized emeraldine state and the fully reduced leucoemeraldine state. Figure 

adapted from [83]. 

 

Polyaniline can be produced by many different methods: heterophase polymerization (such 

as precipitation, suspension, microemulsion, etc), solution polymerization of aniline, 

interfacial polymerization of aniline, seeding polymerization of aniline, self-assembling 

polymerization, sonochemical process, or electrochemical synthesis among others [73]. 

Due to its simplicity, a very typical synthesis method is the oxidative polymerization of 

aniline with an oxidant, usually ammonium peroxydisulfate, in acidic aqueous solution, 

where PANI is obtained as precipitate [84,85]. Given its simplicity, this method was chosen 

as the base for our work in this thesis. As the oxidative polymerization of aniline reaction is 
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exothermic, the reaction has been typically carried out at low temperatures (~0 oC), slowly 

adding one reactant into the other under vigorous stirring. PANI obtained this way is in the 

emeraldine salt (ES) form, and can be easily dedoped to the emeraldine base (EB) by 

putting it in contact with a basic solution (e.g. 0.1M NH4OH). However, by following this 

conventional synthetic route, the resulting PANI is highly agglomerated, exhibiting very 

poor solubility and therefore incompatible with solution processable deposition techniques 

[86,87]. Different solutions have been proposed to overcome these drawbacks such as the 

synthesis of PANI with nanofibrillar morphology. 

 

2.2.1 Solution processable PANI: nanofibrillar PANI 

 

In many synthetic processes involving particles, aggregation occurs immediately after the 

particles are generated probably due to their mutual attraction via van der Waals forces.  

From the conventional colloidal science, two main strategies are employed to avoid 

aggregation: coating the particles with capping agents and/or adjusting the surface charges 

to separate the particles via electrostatic repulsions [88,89]. 

 

 
Figure 2.4.TEM (Transmission electron microscopy) images showing the morphological 
evolution of PANI during the conventional synthetic process. Figure adapted from [97]. 
 

In the case of PANI, many methods have been developed to synthesize dispersible PANI 

nanoparticles. A very common procedure is the use of a steric stabilizer or surfactant, 

usually a water-soluble polymer such as PVP, poly(vinyl methyl ether) (PVME) or 

polyvinyl alcohol (PVA) [90,91,92,93]. However the presence of surfactants can degrade 

the electronic performance when they remain in the final film, which becomes a critical 

disadvantage when aiming towards electronic devices [19,94]. Other methods to improve 

PANIs processability include the chemical modification of PANI using polyelectrolitic 
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counterions [95] or through copolymerization  [96]. 

 

However, in 2006, Dan Li and Richard B. Kaner demonstrated that it is actually 

unnecessary for the oxidative polymerization method to use surfactants to prepare highly 

dispersible PANI nanofibers [88,98]. According to their experience, the polymerization of 

aniline is always initiated by some nuclei (i.e. small molecular aggregates that are formed 

when their concentration exceeds a specific supersaturation level in solution) and there is a 

correlation between the nucleation behavior and the morphology and aggregation of PANI: 

when the nucleation is homogeneous (i.e. the nuclei is formed spontaneous in the parent 

phase), the particles produced in the bulk solution are nanofibers; however, when the 

nucleation is heterogeneous (i.e. the nuclei is formed on any available substrate or specie), 

the particles have a more granular conformation [99].  By the conventional oxidative 

polymerization synthesis procedure, PANI nanofibers are also obtained during the initial 

stage of the polymerization. But, as the oxidant solution is gradually added into the aniline 

solution with vigorous stirring and at very low temperatures, the obtained nanofibers 

become thicker and coarser, resulting in a highly agglomerated and irregular final product 

(Figure 2.4) [97]. Therefore, the key to obtain pure PANI nanofibers is to prevent the 

subsequent overgrowth of PANI on the preformed nanofibers. And according to Kaner et 

al., this can be done by suppressing the heterogeneous nucleation [98]. Consequently, by 

controlling the synthetic parameters (no agitation which triggers the heterogeneous 

nucleation, together with a fast mixing of the monomer and oxidant and higher 

polymerization temperature), PANI nanofibers were obtained which could be self-stabilized 

in aqueous solution via electrostatic repulsion, without the need of any chemical 

modification or steric stabilizer. Finally, by purifying the nanofibers and controlling the pH, 

aqueous polyaniline dispersions could be easily prepared [98]. 
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Figure 2.5.SEM (Scanning electron microscopy) images of PANI nanofiber samples 

prepared by diluted aniline polymerization method (left) and by fast oxidative aniline 

polymerization without stirring (right).  

 

PANI nanofibers can also be synthesized by other methods which include the use of 

templates [100], interfacial polymerization [101], ultrasonic irradiation [102], seeding [103] 

or dilute polymerization [104]. This last method is also very interesting for our research 

because it is likewise based on the conventional oxidative polymerization of aniline with an 

oxidant in the presence of an acidic media. The key of this synthesis procedure is based on 

a dilute aniline concentration, which reduces the number of nucleation sites formed on the 

surface of the nanofibers, thus allowing PANI to grow only in a one-dimensional 

morphology [104]. 

 

As a start point for the work in this thesis, we synthesized PANI nanofibers following two 

different methods, both based on the oxidative polymerization of aniline with ammonium 

persulfate (APS) in an acidic media: the dilute aniline polymerization method [104] and the 

fast oxidative with no stirring method proposed by Kaner et al.[88]. In both cases, PANI 

nanofibers were obtained (Figure 2.5), and stable aqueous dispersions of doped PANI were 

prepared by adjusting the pH of the dispersion. 

 

2.3 Carbon nanotubes 
 

A carbon nanotube (CNT) is a long and thin cylinder of carbon atoms, each sitting on one 

of the six corners of a honeycomb hexagon. In order to understand the structure of 

500 μm 500 μm
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nanotubes, we should start from the structure of graphite. 

 

 
Figure 2.6.(a) Graphite sp2 hybridization showing σ-bonds (black lines) and π-bonds (blue 

orbitals); (b) Due to the overlapping of π-bonds between the neighboring carbon atoms, a 

cloud of electrons is formed which gives graphite the ability to conduct electricity. Figure 

adapted from [105]. 

 

Graphite consists of layered graphene sheets, each layer having carbon atoms arranged in a 

honeycomb structure and sp2 hybridized. The strong σ-bond is the in-plane bond which 

bonds covalently the atoms in the plane and the remaining π-bond, which is a much weaker 

bond, is perpendicular to the plane (Figure 2.6). A CNT can be considered as one single 

layer of graphene wrapped into a seamless cylinder (Figure 2.7). A single-walled carbon 

nanotube (SWCNT) is one such cylinder, while a multi-walled carbon nanotube (MWCNT) 

consists of several concentric cylinders. Due to their unique quasi-one dimensional 

structure, CNTs possess exceptional properties. CNTs can be either electrically conducting 

or semiconducting depending on their chirality [39]. They are also mechanically very 

strong, and flexible, being an ideal material for reinforcing composites[106,107,108]. 

 
Figure 2.7.Various types of SWCNT formed by rolling up different (n,m) cuts of a graphite 

sheet. Figure adapted from [109]. 
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2.3.1 Solution processability of carbon nanotubes 
 

One of the main challenges of CNT technology is that the nanotubes tend to form bundles, 

which hold together very strongly, making it very difficult to homogeneously disperse them 

in solution. This lack of solubility and the difficulty of manipulation hinder the usability of 

such a great material. Indeed, as-produced CNT are insoluble in all organic solvents and 

aqueous solution. Fortunately, nanotubes have attracted enormous interest since their 

discovery and the number of approaches to improve their solubility is nowadays very large 

[110]. There are two main approaches to exfoliate the bundles and improve the CNT 

solubility: non-covalent adsorption or wrapping of the tubular surface by functional 

molecules (such as polymers or surfactants) (Figure 1.7) [52] and the covalent attachment 

of chemical groups through reactions onto the CNT skeleton [111]. 

 

 
Figure 2.8.(Left) Stable SWCNT/NMP solution prepared by ultrasound treatment and 

(right) typical agglomerated SWCNT/NMP solution.  

 

In this thesis, two main techniques have been used to improve the CNT solubility: tip 

sonication and acid treatment. The first technique consisted in the use of tip sonication to 

de-bundle SWCNT in N-Methyl-2-pyrrolidone (NMP). We successfully obtained a very 

dilute SWCNT/NMP dispersion (~0.0048mg/ml) which was stable for about one week 

(Figure 2.8) [112]. The preparation of the dispersion is very simple and only includes the 

tip sonication of the SWCNTs in NMP in an ice bath for 15 min at 20% of the maximum 

power (200 W). A three weeks stable dispersion of SWCNTs in NMP (~0.0048mg/ml) can 

also be obtained by prolonging the sonication time to 120 min (under the same sonication 

power). However, the long-time sonication treatment damages and shortens the nanotubes, 
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as observed by characterizing the samples by atomic force microscopy (AFM) (Figure 2.9). 

Therefore, all the experiments made in this thesis with dispersions of SWCNTs in NMP 

were performed with solutions of 0.0048 mg/ml prepared by 15 min at 20%. 
 

 
Figure 2.9.AFM images showing how the SWCNT-length is shortened when treated for a 

long period with ultrasound: (a) 15 min and (b) 120min ultrasound treatment. 

 

The second technique concerns the acid treatment of CNTs, a covalent functionalization of 

the nanotubes which introduces carboxylic groups along the tubes and mostly at the edges 

making the nanotubes dispersible in aqueous media [111].The typical procedure was done 

as follows: the MWCNTs were suspended in a 3:1 mixture of concentrated H2SO4/HNO3 

and bath sonicated for 24h at around ~40 - 50 oC. The resultant acid-treated MWCNTs (f-

MWCNTs) were collected and washed repeatedly by ultracentrifugation. A washing cycle 

consisted of 3 steps: centrifugation, removal of supernatant (which is thrown away), and re-

suspension of the sediment with deionized (DI) water to purify the f-MWCNTs. Thereafter, 

a new cycle starts by centrifugation of the re-suspended sediment from the previous cycle. 

After the first washing, there was an appreciable black pellet sedimented on the bottom of 

the centrifugation tube and a brownish-yellow supernatant acid. With the following 

washing cycles, the pH of the supernatant increased and the brownish-yellow color start 

disappearing. After 4-5 washing cycles and as the remaining acid was being washed away, 

the nanotubes were getting free of acid and became very dispersible in DI water. The 

supernatant then evolved into a dark-black suspension (due to the presence of nanotubes) 

which presented a more neutral pH value, and due to the good dispersibility of the 

nanotubes, no sedimentation appeared even after longer centrifugation time. The nanotubes 

2 μm 2 μm
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then were ready to be used and aqueous solutions of these f-MWCNTs could be easily 

prepared, which stayed stable for several months. The presence of carboxylic groups in f-

MWCNT could be inferred from the results of the thermogravimetrical and derivative 

thermogravimetric analysis (TGA and DTG respectively) (Figure 2.10).  

 

 
Figure 2.10.(a) TGA and (b) DTG curves of as-received MWCNT and acid treated 

nanotubes f-MWCNT under air atmosphere. 

 

It is well known that the functionalization of CNTs with strong acids introduces defects and 

shortens the tubes, degrading their electronic properties [111]. Howerver, this type of strong 

acid treatments substantially interfere their electronic properties as described in Paper I. By 

means of the combination of Raman spectroscopy and field effect response, the influence of 

a 24h acid treatment (at room temperature and without sonication) consisting of a 1:9 

mixture of concentrated HNO3:H2SO4 on the properties of SWCNTs was studied (Paper I). 

It is found that the influence of the acid treatment occurs differently to metallic (m-) and 

semiconducting (s-) SWCNTs. Raman spectroscopy as it is observed in the spectra taken 

before and after the acid treatment indicates that m-SWCNTs were either removed or 

strongly doped during acid treatment (Figure 2.11). The three peaks, in the radial breathing 

mode (RBM) corresponding to the metallic nanotubes (M11) have substantially decreased 

after the acid treatment, while the peaks due to the semiconducting nanotubes (S33) almost 

remain unaltered. Moreover, in the tangential mode (G-band), the Breit-Wigner-Fano line, 

at the lower energy side of the G band, is apparently thinner after the acid treatment, which 

could be interpreted either as the selective removal of small-diameter m-SWCNT due to the 

attack of NO2
+ disassociated from the mixture of concentrated acids or as strong doping 
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effect. 

 

 
Figure 2.11.Resonant Raman spectra for a SWCNT film before (dots) and after acid 

treatment (solid) in the mixture of concentrated HNO3:H2SO4, in (a) radial breathing and 

(b) tangential mode. Figure adapted from Paper I. 

 

2.4 Carbon nanotube/polymer composite materials 
 

Recently, the incorporation of carbon nanotubes into a polymeric host in order to gain a 

synergic effect from both components has attracted a great interest in developing 

multifunctional carbon nanotube/polymer composites [113,114]. Several methods have 

been proposed to prepare these composites [115,116,117,118,119] and the two most 

common approaches are ex-situ (also called direct mixing) [120,121,59] and in-situ 

mechanism [122,123,124,125,[126]. The ex-situ mechanism consists in the mixture of both 

materials: carbon nanotubes and the polymer whilst the in-situ mechanism consists in the 

polymerization of the monomer in the presence of the nanotubes. The difference in the final 

composite morphology is pretty clear: while the ex-situ composite is composed of a mixture 

of both materials (CNT + Polymer), the in-situ composite consists on one material that 

probably exhibits a core-shell structure, being the CNT the core and the polymer the shell. 

Figure 2.12 shows the differences between both methods: 
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Figure 2.12.Ex-situ versus in-situ composite synthesis. 

 

The essence of a good composite material lies in the interaction between the polymer and 

the carbon nanotubes [113]. In the in-situ polymerization the nanotube serve as the 

molecular template for the growth of the monomer, facilitating the π-π interactions between 

the polymer and the nanotube. Therefore, in this thesis we have focused our attention on the 

in situ synthesis of the composite. 

 

However, like its counterpart PANI, the conventional synthesis of MWCNT/PANI 

composite by in-situ method (i.e. the oxidative polymerization of aniline with APS in an 

acidic medium in the presence of nanotubes) gives rise to a granular composite 

morphology, which has very limited processability: the composite is only processable in EB 

form and it can only be dispersed in very few solvents, such as NMP or the toxic m-cresol 

[73,127,128]. In this regard, an improvement in the composite processability is thus needed 

and the following two chapters focus on that specific topic: the optimization of the 

synthetic route towards a water dispersible MWCNT/PANI composite and its 

characterization.  
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3. CNT/PANI composite by dilute aniline polymerization synthesis 

 
As already shown in the preceding chapter, PANI synthesized by the conventional oxidative 

polymerization route had a granular morphology and very poor solubility. However, 

nanofibrillar PANI which is water dispersible [88,98], could be synthetized by different 

routes (Figure 2.5). One of them was utilizing a dilute aniline concentration in order to 

reduce the number of nucleation sites restricting the growth of PANI in one-dimensional 

direction [104]. Based on this idea and aiming towards the improvement of the composite 

solubility, we synthesized MWCNT/PANI composite by conventional oxidative 

polymerization procedure with a dilute aniline concentration. In this chapter, the synthesis 

of the composite is presented as well as the significant influence of nanotubes on the 

composite morphology. The discussion in this chapter refers to Paper II. 

 

3.1 Experimental and materials 

 
The composites were prepared by in situ conventional oxidative polymerization of aniline 

with APS using a diluted aniline concentration.  The procedure for the composite synthesis 

includes carbon nanotube preparation, in-situ polymerization, composite washing and 

dedoping process: 

 

Carbon nanotube preparation: In this work, MWCNTs are used. An important factor in 

developing a composite material is the homogenous dispersion of the nanotubes in the 

reaction solution. Hence it is essential to develop a step prior to the in situ polymerization 

to disperse the nanotubes in the reaction solution. This step consisted on the 

functionalization of the nanotubes by acid treatment (f-MWCNTs), as described in the 

section 2.3.1, followed by a 3h sonication bath in 1M HCl, to ensure a good dispersibility 

of the nanotubes on the reaction solution. The functionalization introduces carboxylic 

groups on the surface of the nanotubes, which facilitates their dispersion in aqueous 

solutions. Moreover, the carboxylic group forms hydrogen bonds with the amino group in 

the aniline monomer, benefiting the in-situ polymerization.  
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In-situ polymerization: the reaction was conducted in an ice-bath, where the reaction vessel 

containing the solution of 1M HCl and f-MWCNTs was kept at 4 oC with constant stirring. 

First, the aniline monomer was added to the nanotube solution and then a solution of 1M 

HCl containing APS (aniline:APS molar ratio 1:1) was added dropwise to the reaction 

vessel. Finally, the mixture was further stirred for 2h at 4 oC to ensure a good 

polymerization. The composite obtained this way is in ES form (f-MWCNT/PANI-ES). 

 

Composite washing and dedoping process: the composite was then collected as solid with a 

Büchner funnel and the resulting cake was carefully washed, first with DI water, until the 

filtrate was neutral, and then with methanol. Part of the composite then was dried in a 

vacuum oven at 70 oC and the rest was converted to EB form (f-MWCNT/PANI-EB) by 

stirring the solid material with a 3 wt% ammomium hydroxide (NH4OH) solution for 2h. 

The dedoped composite was then filtered, washed with DI water and ethanol and dried 

overnight in the vacuum oven at 70 oC. 

 

3.2 Characterization of the composite 

 
After the synthesis, the composite was characterized by different techniques in order to 

study the influence of the nanotube presence on the composite. For comparison, PANI was 

also synthesized by the same procedure (dilute aniline polymerization). 

 

3.2.1 Solubility 

 
The composite synthesized this way did not present a good water dispersibility. The 

dedoped composite (f-MWCNT/PANI EB) could be dispersed in NMP with the aid of 

sonication, and dispersions with concentrations up to ~1mg/ml could be prepared. The same 

composite could also be dispersed in m-cresol, however, due to its toxicity we did not 

choose this solvent.  

 

3.2.2 TGA study 

 

Thermogravimetrical analysis was performed on powder samples of the f-MWCNT/PANI 
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EB composites. This type of analysis is very useful not only to investigate the thermal 

stability of the material but also to ensure the presence of the nanotubes in the composite. 

By SEM characterization it can be sometimes difficult to confirm the existence of 

nanotubes (at low MWCNT content for example) and the TGA analysis can help us in this 

matter.  

 
Figure 3.1.TGA analysis of PANI-EB, MWCNTs and f-MWCNT/PANI-EB with 2.7 and 20% 

nanotube content under nitrogen atmosphere. 

 

As it can be seen in the Figure 3.1, MWCNT are very stable under nitrogen atmosphere, 

showing a small weight loss only beyond 750 oC. PANI-EB presents a three-step mass loss 

as the temperature is increased (the first one due to the release of water molecules and the 

second and third due to the decomposition of the polymer backbone). The composites 

follow the same decomposition trend as the pure polymer, presenting, as it was expected, a 

higher residual weight (due to the presence of nanotubes). The mass difference between the 

remaining residuals of PANI and MWCNT/PANI composites indicates the content of 

nanotubes with respect to the composite.  

 

3.2.3 Morphology study 

 
By intentionally using a low concentration of aniline, the synthesis procedure described in 

the experimental section without the presence of nanotubes results in the formation of 

individual nanofibers of PANI-ES (Figure 2.6). And by applying the same synthesis 

conditions to the in situ polymerization of PANI in the presence of nanotubes (composite 
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materials) we expected to obtain individual nanofibers of composite material. However, as 

it can be seen from the Figure 3.2, the presence of the nanotubes has a significant influence 

on the morphology. When the nanotube content is 10% the composite exhibits a granular-

like features (Figure 3.2 a), and when the content of nanotubes is increased to 20% or 

higher, the composite presents a continuous porous matrix comprising smooth surface 

nanofibers which are cross linked with each other (Figure 3.2 b). Many granular structures 

can also be seen in the porous matrix which could be granular PANI occurring at the inter-

tube contacts, probably due to the heterogeneous nucleation which can act as a glue, linking 

the fibers together [99].  

 

 
Figure 3.2.SEM images of MWCNT/PANI-ES composite with (left) 10% MWCNTs and 
(right) 20% MWCNTs. 
 

1 μm 1 μm

(a) (b)
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4. Water dispersible MWCNT/PANI composite 
 
In this chapter, an improvement on the MWCNT/PANI composite synthesis is presented. 

The new synthetic route leads to the fabrication of a nanofibrillar composite material which 

is water dispersible. The influence of the type of carbon nanotubes used in the composite 

material (pristine versus functionalized MWCNTs) is investigated leading to a better 

understanding on the composite synthesis. Moreover, the effect of the nanotube loading on 

different aspects of the composite such as the synthesis reaction or the morphology is also 

studied. The discussion in this chapter refers to the Paper III. 

 

4.1 Synthesis and solubility of the composite 
 

As we have seen in the previous chapter, conventional synthesis of the composite using low 

concentration of aniline gives rise to a granular morphology composite, with poor solubility 

in most of the common solvents, which might not be suitable for solution based deposition 

technologies. Therefore, a new synthesis route was developed. In the second chapter we 

saw that nanofiber PANI can be also obtained by suppressing the heterogeneous nucleation. 

The new synthetic conditions for the composite were then chosen in order to supress the 

heterogeneous nucleation and therefore avoid the formation of granular PANI: fast mixing 

of the reactants, high polymerization temperatures and not stirring the reaction (which 

favors the homogeneous nucleation and hence the nanofiber formation [88,97,98,99]), and 

the use of low concentration of aniline solution (in order to reduce the number of nucleation 

sites, favoring the directional growth of PANI into nanofibers [104]). In the preceding 

chapter, it was also demonstrated how the presence of nanotubes in the composite has a 

great influence on the final morphology, and therefore, the new synthetic route was 

investigated for two types of CNTs: pristine and functionalized CNTs. Both f-MWCNTs 

and as-produced MWCNTs were employed in this new synthetic route and the resultant 

composites were compared in terms of morphology and solubility. Surprisingly, MWCNTs 

results in a better composite material and further characterization was performed on this 

water dispersible nanocomposite. 
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4.1.1 Experimental and materials 

 

The composites were synthesized by in situ chemical oxidation polymerization of aniline 

monomer in the presence of MWCNTs and f-MWCNTs respectively. As in the last chapter, 

the synthesis procedure includes several steps: CNT preparation, in-situ polymerization and 

composite washing. 

 

Carbon nanotube preparation: f-MWCNTs were functionalized as described in 2.3.1. Then, 

a 3h sonication bath in 1M HCl was applied for both types of nanotubes respectively, to 

help to de-entangle the nanotubes and ensure a good dispersibility of the CNTs on the 

reaction solution. The aniline monomer was added to the nanotube solution (respectively) 

and the mixture was further sonicated for 30min; several groups claimed that the presence 

of aniline monomer helps to disperse the pristine nanotubes in the HCl solution due to 

preferential interaction of the anilinium cations with the MWCNTs surface [129]. 

 

In situ-polymerization: a solution of 1M HCl containing APS (aniline:APS molar ratio 1:1) 

was prepared and added at once to the aniline/nanotube solution. The mixture was shaken 

for 30 sec, and left still without disturbance for 2 hours at room temperature.  

 

Composite washing: the composites (f-MWCNT/PANI and MWCNT/PANI) were collected 

respectively with a Büchner funnel and washed with DI water repeatedly until a neutral 

filtrate is obtained and finally with methanol. The materials were then dried under vacuum 

at 70 oC overnight.  

 

4.1.2 f-MWCNT versus MWCNT for composite material 

 

After the in situ polymerization, both composite materials (f-MWCNT/PANI and 

MWCNT/PANI) were similar in aspect, and presented the same Raman peaks, suggesting 

that there is no significant influence of the type of nanotubes on the molecular structure of 

the composite (Figure 4.1). 
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Figure 4.1.Raman spectra (with 514 nm wavelength Argon laser) of 20% MWCNT/PANI 

and 20% f-MWCNT/PANI composites. 

 

However, the SEM analysis revealed a different composite morphology (Figure 4.2). Since 

both composites had similar content of nanotubes (20%), the difference could result from 

the loading of nanotubes. The composite prepared with functionalized nanotubes (Figure 

4.2-left) presents a morphology like a matrix comprising short granular surface nanofibers 

which are cross linked with each other by a more granular PANI occurring at the inter-tube 

contacts. On the other hand, the composite prepared with pristine MWCNTs (Figure 4.2-

right) presents a morphology consisting of long, individual thin fibers with a rough surface.  

 

 
Figure 4.2.SEM images of 20% f-MWCNT/PANI (left) and 20% MWCNT/PANI (right). The 

insets have a 200nm scale bar. 

 

The morphologies present two main differences: one is the length of the fibers and the other 

1 μm 1 μm 
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is the cross-linking of the fibers. Both differences can be explained due to the 

functionalization of the nanotubes: It is well known that the acid treatment of the nanotubes 

cut them into shorter pieces [111]. We studied by AFM the length of our f-MWCNTs and 

they present an average length of 200-500 nm. However, pristine MWCNTs (according to 

the commercial datasheet) are in average 0.1 to 10 μm long. The cross linking of the fibers 

can also be explained by the functionalization of the nanotubes. Some recent studies on 

PANI nanofibers synthesis show the influence of the surface properties 

(hydrophilicity/hydrophobicity) on the PANI morphology. The studies revealed that PANI 

synthesized on a hydrophobic surface had a nanofiber morphology while PANI synthesized 

on a hydrophilic surface had a granular morphology [130]. The explanation to this 

phenomenon lays on the hydrophobicity of the aniline nucleate, which deposits 

homogeneously on hydrophobic surfaces, polymerizing in an isotropic way, while on 

hydrophilic surfaces, it deposits in a non-homogeneous manner, polymerizing in a more 

anisotropic way which gives rise to a more granular morphology (Figure 4.3)[130]. 

 

Figure 4.3.The hydrophobic nucleates (triangles) adsorb uniformly on hydrophobic 

surfaces and during the polymerization of aniline, PANI chains will grow from those 

nucleates as brush-like films (one-dimensional structures in the reaction mixture); On 

hydrophilic surfaces, the nucleates adsorbs forming aggregates which will polymerize as 

globular films. Figure adapted from [130]. 

 
Pristine MWCNTs are by nature a hydrophobic material, the aniline nucleates then will 

deposit homogeneously on its surface and they will polymerize isotropically giving rise to 

the composite that we could observe in Figure 4.2 (right). However, the presence of 

Hydrophobic substrate Hydrophilic substrate

Hydrophobic substrate Hydrophilic substrate

POLYMERIZATION
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carboxylic groups at the edges of the functionalized nanotubes makes f-MWCNTs locally 

hydrophilic. The hydrophobic aniline nucleate will then deposit non-homogeneously on the 

hydrophilic part of the nanotubes forming drop-like agglomerates of nucleates and 

polymerizing in a granular morphology at the edges of the nanotubes, acting as an inter-

glue between the short fibers and making the overall composite morphology look like in 

Figure 4.2 (left). 

 

4.1.3 Solubility study 

 

In order to study the solubility of the composite, a series of composite suspensions were 

prepared under different pH by adjusting it with HCl (Figure 4.4). All the suspensions had 

the same composite concentration and all the suspensions were sonicated for 10 min to 

ensure a good redispersion and left still without any disturbance. Both f-MWCNT/PANI 

and MWCNT/PANI could be dispersed in water. However, the composite synthesized with 

functionalized nanotubes sediments much faster, in about 48 hours, compared with the 

composite prepared with the pristine nanotubes which at the appropriated pH forms stable 

suspensions for several months. This difference is probably due to the morphology 

characteristics. As we saw in the chapter 2.2.1, nanofiber PANI can form stable and 

homogeneous dispersions in water due to the electrostatic repulsion between the charged 

nanostructures. The MWCNT/PANI composite with its morphology of long individual 

nanofibers, can be stable in suspension probably thanks to its nanostructured conformation 

and its hydrophilic nature of the doped state [131]. However, f-MWCNT/PANI with its 

cross-linked nanofibers, resembles more to aggregated nanofibers, making more difficult 

the stability of the suspension by electrostatic repulsion, and therefore, sedimenting much 

faster. In Figure 4.4 we can observe the MWCNT/PANI composite suspensions after 48h 

with no disturbance. The composite suspension changes color from green (doped state, ES) 

to blue (dedoped state, EB) as the pH is increased. MWCNT/PANI composite presents the 

best solubility for pH values between 2.5 and 4. Lower pH leads to agglomeration and total 

sedimentation of the composite material and higher pH leads to dedoping.  



Nanofibrillar materials for organic and printable electronics 

 32 

 
Figure 4.4.MWCNT/PANI composite after 48 hours of no disturbance at different pH 
values. From left to right: pH=1, 2, 2.5, 3, 4 and 5. 
 
Due to its better solubility, the rest of the work done with the composite material is focused 
on the MWCNT/PANI composite, synthesized with the new synthesis procedure described 
in 4.1.1. 
 

4.2 Effect of carbon nanotube loading on the composite 
 

In order to study the influence of the nanotube presence in the composite material, a set of 

MWCNT/PANI composite materials with different nanotube content, namely 3, 5, 10, 15, 

20, 30, 40 and 50% was prepared. The content of nanotubes is calculated in weight and 

with respect to the aniline monomer (w/w%). The highest nanotube content was 50% due to 

the difficulty of accommodating the nanotubes in the small volume of the solution. For 

comparison, pure PANI was always synthesized following the same procedure as for the 

composite material. 

 

4.2.1 Synthesis temperature 

 
In this thesis, MWCNT/PANI composite is synthesized by the in-situ oxidative 

polymerization of aniline in the presence of carbon nanotubes. The oxidation of aniline is a 

conventional redox reaction i.e. electrons are transferred between the species; in the case of 

polyaniline synthesis, the electrons are taken away from the aniline molecules and accepted 

by the oxidant (APS). In a typical reaction, both molecules meet and react, transferring the 
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electrons from one to another. However, in the composite synthesis, as MWCNTs are 

conducting, they can act as mediators between the aniline and the oxidant molecules 

(transferring the electron from one to another) [132] (Figure 4.5). 

 

 
Figure 4.5. (a) In a typical redox reaction, the electron is transferred from one specie to 

another when they “meet” and react. (b) In the presence of MWCNTs, both species don’t 

need to “meet”; it’s enough that they both contact the MWCNT and the electron will be 

transferred from one to another one through the nanotube. This way the redox reaction 

becomes much faster because the aniline monomers which are adsorbed on the nanotube 

surface can react with whatever oxidant molecule that is in contact with the nanotube and 

not only with its neighboring oxidant molecule. 

 

Since the oxidation of aniline is an exothermic reaction, the effect of the MWCNT presence 

on the synthesis procedure can be monitored by measuring the temperature of the reaction 

solution [132] (Figure 4.6). The presence of MWCNTs significantly accelerates the aniline 

polymerization, and the induction period (i.e. the initial slow stage of a chemical reaction) 

decreases with the increase of nanotube loading. Even a very small MWCNT loading has a 

significant effect: the induction period for 5% MWCNT/PANI composite is about 2 

minutes, 20 times faster than for pure PANI. 
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Figure 4.6.The course of the aniline polymerization in the presence of different amount of 
MWCNTs. 
 

4.2.2 TGA characterization 
 

TGA analysis was conducted on the composites to reveal the nanotube content on the 

composites. The TGA and DTG of the doped composites under nitrogen atmosphere 

(Figure 4.7) presents four weight losses: the first one mainly attributed to the loss of water 

molecules around 50-110 oC; the second one, attributed to the loss of the doping acid, HCl, 

around 120-280 oC; and the third and fourth weight losses attributed to the decomposition 

of the polymer backbone, between 300 and 800 oC. Under nitrogen atmosphere, MWCNT 

is a very stable material presenting only a 2% weight loss beyond 750 oC.  

 

 
Figure 4.7.(a) TGA and (b) DTG curves showing thermal decomposition of PANI, 
MWCNTs and a series of MWCNT/PANI composites in N2 atmosphere. 

(a) (b)
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Doped PANI presents the same decomposition trend as the composite, with the exception of 

the residual weight: the composites present higher residual weight due to the presence of 

nanotubes.  

 

4.2.3 Morphology study 
 

Figure 4.8 shows the morphology characterization of PANI and MWCNT/PANI composites 

prepared by the synthetic route described in section 4.1.1. The SEM images show the 

nanofiber structure of PANI which presents a very smooth surface as well as the 

nanofibrillar structure of the composite materials. MWCNT/PANI composites with 

nanotube content up to 20% show a mixture of two morphologies: smooth individual PANI 

nanofibers and a rougher nanofibrillar structures which correspond to the composite 

material (the carbon nanotube coated with polyaniline) (Figure 4.8 b-e). When increasing 

the content of nanotubes (30% or higher), no more pure PANI nanofibers are formed during 

the composite synthesis and only composite nanofibrillar structures are visible (Figure 4.8 

f-h).  
 

 
Figure 4.8.SEM images of PANI (a) and MWCNT/PANI composites (b-h) with 3, 5, 15, 20, 

30, 40 and 50% content of nanotubes respectively. The scale bar is 200nm. 

 

This phenomenon can be explained by the preferential polymerization of aniline on the 

PANI

MWCNT/PANI

PANI

MWCNT/PANI

PANI

MWCNT/PANI

PANI

MWCNT/PANI



Nanofibrillar materials for organic and printable electronics 

 36 

carbon nanotube surface rather than on solution [132], due to the catalytic property of the 

nanotubes during the redox polymerization of aniline that was previously shown in the 

section 4.2.1 (Figure 4.6). Thus, when the loading of nanotubes is increased, there is an 

enhanced availability of nucleation surface, reducing the spontaneous nucleation in the 

solution phase and reducing the presence of pure PANI nanofibers. This enhanced 

availability of nucleation surface is also the reason for the reduction in thickness of the 

composite as the content of MWCNTs increases [133], which can be appreciated in the 

Figure 4.9, as well as for the smoother surface that the composites with higher CNT content 

present. As explained in Figure 4.3, the aniline nucleates adsorb uniformly on the 

hydrophobic MWCNT surface, leading to smoother PANI; however, when the nanotube 

content is low, after the first smooth layer coating the nanotube, more aniline nucleates are 

available (due to the greater ratio aniline:MWCNT) and as PANI is synthesized in its 

emeraldine salt form, the nanotube coated by PANI-ES continue acting as a catalyst of the 

redox reaction (Figure 4.6); however, the nucleates are adsorbed on a hydrophilic surface 

now, and therefore, the new PANI polymerized on top presents a more rough or grainy 

morphology. 

 

 
Figure 4.9.SEM images of (a) 3% MWCNT/PANI and (b) 50% MWCNT/PANI composites. 

 
 
 

200 nm 200 nm

(a) (b)
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5. Thin film fabrication of nanofibrillar materials 
 
As it was already mentioned in the Introduction chapter, there are many solution-based 

techniques to deposit thin film layers and to fabricate thin film organic electronics, i.e., 

printing technology, spin coating, spray coating [15,20]. Only among the printing 

technology there is a broad range of possibilities: contact printing techniques such as 

flexography, gravure and screen printing or non-contact techniques, such as inkjet printing 

technology. Each deposition technique has its individual operational conditions and its own 

advantages or best applications. Moreover, although all the mentioned technologies are 

solution based, each technique has its specific fluid requirements, in terms of for example 

viscosity and surface tension; parameters which usually are optimized by adding fillers, 

thickening agents, surfactants, etc. 

 

In this thesis, after synthesizing and optimizing the composite materials for being solution 

processable, their electrical characteristics in film form are investigated (Chapter 6). For 

this purpose, spray coating is a very convenient and effective method which enables us to 

easily fabricate large area and homogeneous films without the need of adding any extra 

additives to the fluid, which could negatively influence the electronic behavior when they 

remain in the final film [19,58,94,134] . This chapter introduces briefly a description of the 

spray coating technique, its optimization, and several successful examples of CNT and 

MWCNT/PANI film fabrication on different substrates. The discussion in this chapter 

refers to Papers I, III, V, VI and VII. 

 

5.1 Spray coating technique 

 
Among the different solution-based deposition techniques, spin and spray coating are 

techniques which don’t require the addition of agents because the fluidity of the solution is 

not a drawback [19]. These types of coating technology are therefore a good choice for the 

preparation of films for material characterization. In this aspect, spin coating might be the 

simplest and most effective technique in producing high quality thin films, and 

consequently, probably the most used in the research environment. The disadvantage of 
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spin coating is that it’s limited to small areas and is lacking of compatibility to large-area 

industrial-scale processes, which is a vital step towards the industrial mass production 

[19,135,136,137]. Spray coating on the other hand is compatible with roll-to-roll 

processing, doesn’t have the area limitation and although it presents a lower overall layer 

homogeneity when compared to spin coating, it can produce large-area, pin-hole free films 

with uniform thickness [137,138].   

 

 
Figure 5.1.Illustration of the implemented airbrush coating system on vertical 
arrangement. 
 

In this thesis, a method based on spray coating was developed for the deposition of 

SWCNT, f-MWCNT, PANI and MWCNT/PANI networks and thin films (Figure 5.1). The 

method was tested on several different substrates and the fabricated films were 

characterized by AFM and SEM. The spray coating was performed with a commercial 

airbrush (Evolution silverline from Harder & Steenbeck), where the carrier gas (nitrogen) 

brings the material solution from a feed cup, along a needle that leads to a nozzle. When the 

solution passes the nozzle, it is atomized in very fine small droplets which are deposited on 

a substrate [136]. In order to obtain a fast drying of the solvent and avoid inhomogeneous 

drying, the substrate is placed on a hotplate and heated during the spray deposition.  
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5.1.1 Optimization of the spray coating parameters 

 

In practice, the procedure to obtain a homogeneous material deposition by spray coating 

technique includes the optimization of several parameters such as: gas (N2) pressure, 

substrate/solvent selection, substrate temperature, spray-burst duration, and the nozzle to 

substrate distance. The basic concept when optimizing these parameters is that we need a 

system of solvent/substrate/temperature where the solvent dries fast enough to prevent the 

droplets to redissolve the sublayers, but at the same time, slow enough, to allow for a 

homogeneous and pin-hole free film to form. The gas pressure should be fixed in order to 

achieve a reasonable beam profile (~2bar). The selection of the substrate is conditioned by 

the solvent used in the material dispersion, which also conditions the substrate temperature 

(i.e. the hot plate temperature). When using high boiling point solvents, the usage of 

substrates with low thermal “stability” is hindered. Polyimide substrate can stand 400 oC 

while, Polyethylene naphthalate (PEN) and Polyethylene terephthalate (PET) can stand 

~180 oC and 150 oC respectively. The distance between the airbrush nozzle and the 

substrate should also be optimized: if the distance is too short and the nozzle is too close to 

the substrate, the material is then deposited as a solution. The drying of these films will be 

inhomogeneous, obtaining irregular thicknesses in the film. On the other hand, if the 

distance is too large and the nozzle is too far from the substrate, then the solvent of the 

solution is dried before reaching the substrate, and the material is just deposited as a dust on 

the substrate. An intermediate distance is then needed to avoid both extremes. This is what 

in spraying technology is known as the “wet”, “intermediate” and “dry” regions [137]. This 

intermediate distance is dependent on the boiling point of the solvent used. At the same 

time, the nozzle to substrate distance also conditions how large the sprayed area can be, i.e. 

if a solvent with a very low boiling point is used, then the distance to the substrate will be 

low, and the area covered by the spray will be small as well. 
 

5.2 Carbon nanotube thin film fabrication 

 
Raw CNTs present important van der Waals attraction, which results in nanotubes having a 

strong tendency to easily aggregate and encumbering their suspension. In the section 2.3.1 
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we developed stable dispersions of CNTs, however, even if the CNT were initially well 

dispersed, they may re-agglomerate while the thin film is being formed, resulting in 

inhomogeneous films with negative effects on the electrical and optical properties [139]. 

Hence, the fabrication of CNTs films is very challenging. In this section, the successful 

fabrication of SWCNT andf-MWCNTs thin films on different substrates is presented. 
 

5.2.1 SWCNT thin film fabrication 

 

A dispersion of SWCNT in NMP (as described in section 2.3.1) was successfully deposited 

as random SWCNT networks on a silicon wafer substrate with 150 nm thermally grown 

SiO2 on top. The spraying parameters were optimized, starting with the functionalization of 

the substrate, which was coated with hexamethyldisilazane (HMDS), because due to the 

hydrophilicity of SiO2, no SWCNT network could be achieved on the plane Si/SiO2 wafer. 

The nozzle to substrate distance, which was experimentally calculated, was set to ~30 cm 

due to the high boiling point of the solvent (NMP ~203 oC) and the substrate temperature 

was fixed at ~160 oC. With these optimized spraying parameters, homogeneous SWCNT 

films could be fabricated on Si/SiO2/HMDS substrate, where the density of the SWCNT 

network could be controlled until a certain thickness;  as it can be seen from the Figure 5.2, 

the distribution of nanotube from spraying is very uniform until a certain thickness (Figure 

5.2 d), where the nanotubes, probably due to the strong van der Waals forces, agglomerates, 

distorting the homogeneity of the films produced previously [112].  

 

 
Figure 5.2.AFM images (height mode) of HMDS covered SiO2 surfaces with SWCNT 
networks of different densities deposited by spray coating technique. The network density 
can be controlled through the spray time (a-c: 7, 20 and 48 sec respectively) until certain 
thickness (d: 75 sec) when the nanotubes agglomerate, disrupting the film homogeneity.  
 

2 μm 2 μm 2 μm 2 μm
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In order to meet the interest in the emerging organic electronics, SWCNT networks were 

also deposited (from the dispersion of SWCNT in NMP) on a series of flexible substrates 

such as polyimide (Figure 5.3) and paper substrates (Figure 5.4). For the polyimide 

substrate the spraying parameters were the same as in the case of Si/SiO2 wafer substrate, 

except for the substrate functionalization (HMDS coating), which in this case was not 

needed due to the hydrophobicity of the polyimide foil. 

 

 

Figure 5.3.AFM images (amplitude mode) of SWCNT networks on polyimide foil, with low 
(left) and high density (right).The films presented a good flexibility and robustness, with no 
obvious degradation after repeated flexure. 
 

The SWCNT thin film formation study on paper substrates (Figure 5.4) was done on two 

papers from Korsnäs: a coated paper with a roughness of ∼1.1 μm RMS and an uncoated 

paper with a roughness of ∼7 μm RMS. In this case, the substrate temperature was lowered 

to 100 oC and the nozzle to substrate distance was kept at ~30 cm. With lower substrate 

temperatures, the expected situation will be that the solvent doesn’t dry fast enough, 

allowing the nanotubes to agglomerate into big bundles, and resulting on an 

inhomogeneous film. However, due to the absorbent property of paper substrates, 

homogeneous films could be easily produced on this type of porous substrates, where the 

nanotubes get trapped into the fibers, hindering the reagglomeration. Therefore, a very 

uniform and thick film of nanotubes could be obtained on the coated paper. On the other 

hand, the uncoated paper, with a roughness 7 times higher than its coated counterpart, could 

2 μm 2 μm



Nanofibrillar materials for organic and printable electronics 

 42 

not be coated as uniformly. However and thanks to the nanofiber nanotube morphology, the 

SWCNT could form percolating networks over the entire rough substrate, following the 

topography of the uneven paper and demonstrating the advantage of nanofibrillar materials 

over nanoparticles, in the sense of step coverage. 

 

 
Figure 5.4.SEM images of SWCNT film on coated and uncoated paper; the nanofiber 
morphology of CNTs gives continuity to the thin film, even on a substrate with 7 μm 
roughness. 
 

In summary, by optimizing the spray coating parameters, SWCNT large area films with 

uniform distribution and controllable thickness can be readily fabricated on multiple 

substrates. 

 

5.2.2 f-MWCNT thin film fabrication 

 

By following the technique developed in the previous section for the deposition of 
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SWCNT, f-MWCNTs were also spray coated on polyimide foil. f-MWCNTs are dispersed 

in water (as shown in the section 2.3.1) and therefore, the parameters used for depositing 

SWCNT (which were dispersed in NMP) had to be readjusted. As the boiling point of water 

is much lower than for NMP, (100 oC compared to 203 oC) the substrate temperature was 

kept around 120oC and the distance between the nozzle and the substrate was kept shorter, 

~15 cm, in order to avoid the drying of the droplets before reaching the substrate. This 

technique was employed for the fabrication of the humidity sensors on polyimide substrate 

that will be described in Chapter 7. 
 

5.3 Composite MWCNT/PANI film fabrication 
 

Water based MWCNT/PANI dispersions were also spray coated on different flexible 

substrates. The spray parameters used for the fabrication of these films were similar to 

those described in previous sections. Due to the low boiling point of water, not only 

polyimide but also PET and PEN foils could be used as substrates.  

 

 
Figure 5.5.(a) Uniform and transparent thin film of 5% MWCNT/PANI composite sprayed 

on PET substrate. The composite was sprayed on the doped state (green) and the dedoped 

state (blue) was obtained by dipping the film on a 0.1M NH4OH solution. The background 

words (iPack) were handwritten on a notebook and the PET coated films were placed on 

top for the picture; (b-c) thin films of 50% MWCNT/PANI composite on polyimide 

substrate. 

 

PEN and PET substrates have the benefit of being colorless, which in the case of PANI and 
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MWCNT/PANI is a great advantage due to the visual change in color that these materials 

experiences when changing doping state (Figure 5.5). The films fabricated on polyimide, 

PET and PEN (respectively) are very robust and present a good flexibility response. 

 

The ability of readily fabricate homogeneous thin films of the composite material on 

different substrates by spray coating technology allowed us to investigate the electrical 

properties of the composite material on film form (Chapter 6). 
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6. MWCNT/PANI film conductivity and its thermal ageing 
 
The development of water dispersible MWCNT/PANI composite and the capability of 

preparing stable dispersions of the composite together with the fabrication of homogeneous 

films of MWCNT/PANI composite enables us to study several fundamental properties of 

the composite material: the film electrical conductivity and its thermal ageing effect. 

Previous studies have shown that the thermal degradation of HCl-doped PANI in air 

strongly depends on the form of the sample, e.g., film, powder or pellet form 

[140,141,142]. Therefore, the study of these properties on film form is of crucial 

importance for thin film devices, and hence for organic electronics. The discussion in this 

chapter refers to Papers III, IV and V. 

 

6.1 Electrical conductivity study on the MWCNT/PANI composite 

 

The presence of the carbon nanotubes in MWCNT/PANI composite is expected to increase 

PANI’s neat conductivity; in order to study their influence on the overall composite 

conductivity, a set of composites with different carbon nanotube contents were synthesized 

and their film electrical conductivity was characterized. 

 

6.1.1 Sample preparation and four probe measurement 

 

The conductivity of the composite films was measured using the four point-probe 

technique. By applying four-point probes method, the current and voltage electrodes are 

separated and the effect of the contact resistance can be eliminated (Figure 6.1). An Agilent 

34401A multimeter was used to measure the total resistance (R) of the line, and the 

conductivity is then calculated as follows: 

𝑅 = 𝜌 ∗
𝐿
𝐴

 →  𝜌 = 𝑅𝑠 ∗ 𝑡 →  𝜎 = (𝑅𝑠 ∗ 𝑡)−1                                                             (6.1) 

 
Where R is the resistance of the line, 𝜌 the resistivity, L the length of the line between the 

inner pair of electrodes, A the area of the cross section of the thin films, Rs the sheet 
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resistance, σ the conductivity and t the thickness of the thin films which were measured by 

SEM (Figure 6.2). 

 

A homemade printed circuit board (PCB) based measurement setup was used to ensure the 

repeatability and reliability of the measurement. The setup contains spring contacts to 

guarantee good contact with the four paths simultaneously (Figure 6.1 (b) and (c)). In order 

to study the influence of the MWCNT content on the conductivity of the composite 

material, 4-probe samples were prepared with composites of 3, 5, 15, 20, 30, 40 and 50% 

MWCNT content respectively. Two samples of each composite material were fabricated 

and measured. Moreover, for each single resistance measurement, the mean value out of 3 

times measurement was recorded to minimize the variation caused by the measurement 

setup.  

 

 
Figure 6.1.(a) 4 probe-point structure: by applying the current through the outer par of 
electrodes and measuring the voltage on the inner par of electrodes, the contact resistance 
can be eliminated; (b-c) Homemade PCB based measurement setup for 4 probe 
measurement.  

 

The 4 point-probe samples were prepared on a polyimide foil (Kapton® 500HN, Dupont). 

The electrodes were pre-fabricated by inkjet printing silver nanoparticle ink (CCI-300, 

Cabot Corp.) using a Fujifilm Dimatix materials printer and annealing at 200 oC for 30 min. 

Subsequently, the MWCNT/PANI composite thin film was deposited onto the silver 

electrodes by spray coating stable water based dispersions of the materials (section 4.1.3) 
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and using a pseudo-mask to obtain the desired dimensions. Samples of PANI and pristine 

MWCNTs were also fabricated to use as references; the MWCNTs film was prepared by 

spraying a dispersion of MWCNT in NMP (section 2.3.1).  

 

 
Figure 6.2.(a) 4 probe-point sample structure were the electrodes had been inkjet printed 
and the composite material was deposited by spray coating technology; (b) SEM image of 
the film cross section used to calculate the film thickness. 
 

6.1.2 Results and discussion 

 

The conductivity of the films was measured under doped and undoped state. The different 

states of the material were obtained by dipping the film on 1M HCl or 0.1M NH4OH 

solutions respectively. PANI is a conducting material in its doped form and non-conducting 

in its undoped form. On the other hand, MWCNTs are conducting under both conditions 

(HCl or NH4OH) and its conductivity presents no appreciable change under the influence of 

the acid or the base (~3.4 S/cm). The MWCNT/PANI composite materials present in 

general an increase in the film conductivity with the increment of the nanotube content. In 

the doped state, the conductivity of the MWCNT/PANI composites thin film increases with 

the increase of MWCNT content in a linear manner, exhibiting a slope jump from 0.57 to 

3.9 when the content of the nanotubes exceeds the 20%. In the dedoped state, the 

composites with equal or lower nanotube content than 20% presented such a low 

20 μm
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~ 9 μm

20 mm
12 mm

2 mm

(a)
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conductivity that it was unmeasurable by our setup (the multimeter resistance upper limit is 

100 MΩ). However, surprisingly, at higher content of nanotubes the conductivity tendency 

for the undoped composites presented a similar tendency (similar slope) with that of the 

doped composites (Figure 6.3) 

 
Figure 6.3.Thin film conductivity of MWCNT/PANI composite in doped (black squares) and 
dedoped state (red dots), respectively, as a function of MWCNT content.  

 

The conductivity values of the MWCNT/PANI composites are comparable with other 

reported results [126,143,144], however, these values are lower than other conductivities 

reported for similar composites [132,145,146], which could be due to the quality of the as-

received nanotubes (the conductivity of the MWCNT thin film was measured as 5.8 S/cm).  

 

The presence of MWCNTs in the thin films of composite generally provides networks as 

efficient pathways for current transport, and therefore the electrical conductivity of the 

composite thin films increases with the increase of the MWCNTs content [26,144]. In the 

Figure 6.3 we could observe a sudden increase of the slope ocurring at around 20% of 

MWCNT content. This phenomenon probably stems from the change of the contacts 

between adjacents MWCNTs in the networks. As we saw in the section 4.2.3, 

MWCNT/PANI nanofibers coexist with PANI nanofibers when the content of nanotubes is 

20% or lower (Figure 4.7), while at higher nanotube content the composite material was 

only composed of MWCNT/PANI nanofibers. Consequently, for 20% or lower nanotube 

content, the adjacent MWCNTs in the thin films are separated not only by the PANI layer 
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which is coating the nanotube surface, but also by a cluster of loosely packed PANI 

nanofibers, which are surrounding the MWCNT/PANI nanofibers. When the MWCNT 

content is 30% or higher, the amount of PANI nanofibers is dramatically reduced, which 

leads to the adjacent MWCNTs networks being separated only by the PANI coating layer, 

therefore, resulting in significantly improved electrical contacts between adjacents 

MWCNTs networks.  

 

During the composite morphology study (section 4.2.3) we observed that when the content 

of nanotubes increases, the thickness of the PANI coating layer decreases, and 

consequently, the conductivity of the composite film increases as well (Figure 6.4). This 

assumption can be confirmed by the rougly similar trend observed for dedoped 

MWCNT/PANI as a function of MWCNT content in the range of 30 to 50%. In the 

dedoped state, the PANI layer coating the nanotube surface is insulating. Therefore, the 

measured conductivity likely originates from the tunneling of carriers across the PANI 

coating layer on MWCNTs. Consequently, even in the dedoped state, when the content of 

nanotubes increases, and the coating of pani decreases in thickness, a higher conductivity 

value can be measured.  

 

Figure 6.4.(a)Thin film conductivity and (b) nanofiber diameter of MWCNT/PANI 
composite as a function of MWCNT content. 
 

Comparing with other reported conductivities values, our composite shows a slight 

different conductivity trend. Other results shows a very sharp increase in the conductivity at 

low nanotube content and at higher contents the curve asymptoticaly reaches towards a 
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plateau which is the pure nanotube conductivity [126]. Our results instead present a slow 

increase at low nanotube content, and a much stronger conductivity increase for the higher 

nantoube content, never reaching the neat conductivity of MWCNTs. We could assume that 

this difference is due to the composite morphology; while our MWCNT/PANI nanofibers 

are nanotubes fully covered by PANI, the other reported composites could be only partially 

coated, being able to make CNT to CNT contact and therefore reaching a plateau in the 

conductivity value for a high enough nanotube content.  

 

6.1.3 Conductivity versus pH 

 
As mentioned in earlier sections, PANI is a conducting polymer which not only presents the 

typical redox chemistry of the conducting polymers but also a doping/dedoping chemistry 

based on acid/base chemistry which makes PANI a very promising material for sensor 

applications. In the Figure 6.5 we can observe the influence of pH and MWCNT loading on 

the conductivity of the MWCNT/PANI composite films. As expected, the higher 

conductivity is obtained at the lowest pH and as the pH increases, the conductivity of the 

PANI and MWCNT/PANI composites decreases gradually. For PANI and the composites 

with MWCNT content lower than 30%, the conductivity at pH=4 becomes un-measurable 

with our setup. However, for the rest of the composite materials, the conductivity is 

measurable over the whole pH range. 

 
Figure 6.5.Influence of pH and MWCNT loading on the electrical conductivity of thin films 

of MWCNT/PANI composite materials. 
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6.2 Thermal ageing of the conductivity 
 

PANI with its good environmental stability and high conductivity is one of the most 

promising conducting polymers for many applications; however, in reality, the practical 

applications of PANI in electronic devices, chemical sensors or electrochromic devices 

among others, have been limited because of a poor thermal stability of the conductivity. In 

real applications, the ageing effect i.e., thermal stabilities in electronic transport properties, 

constitutes a crucial issue, particularly for conducting polymeric materials [147]. The effect 

of annealing on the electrical conductivity of PANI has been investigated by many research 

groups [148,149,150]. There are many literatures available on the effect of heat treatment of 

HCl-doped PANI under different atmospheres (nitrogen, air, vacuum); However, although 

the chemical stability of the MWCNT/PANI composites has been frequently studied in the 

last decade (by TGA for example), the issues of ageing effect in the electrical conductivity 

have not been well (or at all) investigated. In this section, we present a systematic study in 

the ageing behavior and thermal stability of the electrical conductivity of our 

MWCNT/PANI composite in thin film form. In this study it is found that the presence of 

nanotubes in the composite leads to a significantly improved resistance to heating and thus 

enhanced thermal stability in electrical conductivity.   

 

6.2.1 Sample preparation and experimental 

 
The samples for the ageing study were fabricated as described in the section 6.1.1. Then 

they were thermally treated in an oven under air atmosphere and two different sets of 

measurements were performed for the study of the degradation of the electrical 

conductivity: ramp and isothermal. The ageing study was performed on PANI and three 

MWCNT/PANI composites with contents 5, 20 and 50%. Ramp measurements were done 

by increasing the temperature in the oven, stepwise, increasing 50 oC in every step. Once 

the temperature had reached the new set value, the temperature was kept constant for 30 

min. After that time, in-situ electrical measurement was conducted, followed by the 

increment in the temperature to the next step. Isothermal measurements were performed by 

quickly raising the temperature from room temperature to 100, 150 and 200 oC, 

respectively, and holding the desired temperature for 270 min. In-situ electrical 
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measurements were carried out before and during the thermal treatment (Figure 6.6). 

 
Figure 6.6.Ramp (a) and isothermal (b) temperature profile employed for the ageing study 

of the MWCNT/PANI composites. 

 

6.2.2 Results and discussion 

 
In the Figure 6.7 (a) we can observe the change in relative resistance, defined by (R-Ro)/Ro, 

as a function of the annealing temperature, where R is the resistance obtained at a specific 

temperature and Ro the resistance at room temperature. From the figure it can be clearly 

seen that when the temperature is increased, PANI has a very rapid increase in relative 

resistance between 100-150 oC, and the resistance becomes un-measurable at higher 

temperatures. The composite with 5% MWCNT content has a very similar trend, but the 

dramatic increase of relative resistance occurs at about 50 oC higher temperatures. When 

the content of nanotubes is 20% or 50%, the increase in relative resistance is not that 

dramatic, and surprisingly the relative resistance starts decreasing when the temperature is 

beyond 200 – 250 oC. 

 

In order to investigate if the change in relative resistance is related to the doping level of the 

composite, the test is performed on both doped and dedoped samples of the same 

composite, in this case, 50% MWCNT/PANI composite (Figure 6.7 b). And as it can be 

seen from the figure, the dedoped composite shows almost constant relative resistance until 

250 oC, temperature at which the relative resistance decreases, following the same trend as 

the doped counterpart. Therefore, the increase in relative resistance at the initial 

temperatures (until ~250 oC) seems to be related to the release of the dopants (in this case 
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HCl dopant). Moreover, the resistance of MWCNTs remains almost constant over the 

whole temperature range, and although the mechanism remains unknown, the results 

indicate that (for the composite with high loading of nanotubes) the unusual decrease in 

relative resistance over ~200 oC arises from structural change in the PANI coating. 

Probably, at high temperatures, the coating layer becomes denser and consequently smaller 

in thickness, resulting in an improved current transport by tunneling between adjacent 

MWCNTs.  

 

 
Figure 6.7.Ramp ageing test where the change in relative resistance, (R-Ro)/Ro, is measured 
as a function of the annealing temperature on: (a) MWCNTs, doped PANI and doped 
MWCNT/PANI composites with 5, 20 and 50% nanotube content; (b) MWCNTs and 50% 
MWCNT/PANI composite in the doped and dedoped state.  
 

According to the results observed in the Figure 6.7, the presence of nanotubes seems to 

improve the thermal stability of the electrical conductivity of the composites. In order to 

understand this phenomenon, TGA is performed on the samples and for clarity the results 

are shown as the derivative of the weight loss (Figure 6.8). The effect of the MWCNTs 

presence is clearly shown between 100 and 300 oC, peak which reflects the loss of HCl-

dopant from PANI. At temperatures over 100 oC, pure PANI begins to loose dopant rapidly 

and consequently becomes insulating (Figure 6.7 a); in the presence of MWCNTs, the loss 

of dopants is retarded and as a result, the temperature at which the conductivity starts to 

degrade is higher and the degradation rate is decreased.  
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Figure 6.8.DTG for PANI and MWCNT/PANI composites with 5, 20 and 50% nanotube 
content for(left) the whole range of temperature and (right) in detail from 100 to 300 oC. 
 

In order to study more in detail the thermal stability of the composite’s electrical 

conductivity, isothermal studies at 100, 150 and 200 oC were carried out on PANI and the 

composites with 5, 20 and 50% MWCNT content. As observed in Figure 6.9 (a), the 

electrical conductivity of PANI is reduced rapidly over annealing time, exhibiting a faster  

degradation of the conductivity as the annealing temperature is increased. The composite 

with 5% MWCNT content (Figure 6.9 b) presents a similar trend, with the exception that 

the decay rate is slightly decreased. When the content of nanotubes is increased to 20 and 

50%, the conductivity also decreases in the first period of time, reaching a plateau for 

longer annealing times. The conductivity value of this plateau, σp, depends both on the 

temperature (Figure 6.9 c-d) and on the nanotube content (Figure 6.10), which gives us the 

idea that dedoping of the composite is not the only process that happens during the 

annealing of the samples. If the release of the dopants were the only process happening 

during the annealing of the samples, then a specific composite (i.e. 50% MWCNT/PANI 

composite) should have identical σp independently of the annealing temperature, being σp 

the conductivity of the material in the dedoped state. But, as we can observe in the Figure 

6.9 (d) that is not the case: the composite 50% MWCNT/PANI present a different σp 

depending on the annealing temperature. The loss of dopants has been repeatedly shown to 

be one of the major mechanism for the degradation of the electrical conductivity of PANI 

when subject to thermal treatment [148,151,152,153], however, this is not the only one: 

oxidation, hydrolysis, scission of the chains and cross-linking has also been proposed as 
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other effects of the thermal treatment of HCl-doped PANI [154,155,150,156]. 

 

 
Figure 6.9.Isothermal test on PANI and MWCNT/PANI composites with 5, 20 and 50% 
nanotube content at 100, 150 and 200 oC. 
 

6.2.3 Thermal ageing modeling 

 
In order to explain the effect of annealing on the conductivity of the MWCNT/PANI 

composites, a well-known model which supposes that the conductive polymers have a 

granular metal structure in which the size of the conducting grains decreases with thermal 

ageing [157,154] is applied to our experimental data. Based on this model, the relationship 

between the conductivity σ and the ageing time ta should obey the following equation: 

𝜎 = 𝜎𝑜𝑒𝑒𝑒 �−�
𝑡𝑎
𝜏
�
1
2�
�                                                                                        (6.2) 

 
Where σois the initial value of conductivity (at room temperature), ta is the ageing time, σ 
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is the conductivity at ageing time ta and τ  is a time-constant which represents the 

characteristic time of the degradation process. When plotting our data obtained from the 

isothermal test as ln(σ/σo) versus ta
1/2 (Figure 6.10 d-f), we can observe again how the 

conductivity decreases faster for the higher annealing temperatures and, for a specific 

temperature, it decreases faster the lower the nanotube content is. The representation of the 

data according to this model gives a linear result at 100 oC. However, at 150 and 200 oC, the 

model only fits the initial values, at the initial annealing period. This phenomenon can be 

explained easily by the presence of nanotubes: 100 oC is a low annealing temperature, at the 

limit of the HCl-dopant release (as we observed in the TGA, figure 6.8). Therefore, under 

the whole experiment there is a release of dopant, which fits perfectly well with the model 

for conducting polymers. When increasing the temperature to 150 or 200 oC, the release of 

the dopant is now faster, and in the Figure 6.10 we can observe how the pure PANI and the 

composite with 5% content of MWCNTs become insulating before the end of the 

experiment. However, the composites with 20 and 50% of MWCNTs present a plateau after 

the decrease of the conductivity, which comes from the nanotube conductivity and therefore 

does not fit the polymer model.  
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Figure 6.10.(a-c) Electrical conductivity in log scale as a function of time annealed at 100, 
150 and 200 oC respectively for PANI and 5, 20 and 50% MWCNT/PANI composites; (d-f) 
plots of  ln(σ/σo) versus t1/2 at 100, 150 and 200 oC for PANI and 5, 20 and 50% 
MWCNT/PANI composites together with the linear fitting of the ageing model. 
 

When representing the model (Figure 6.10 d-f), the decay of the conductivity follows the 

equation (6.2) fairly well for all the composites. The values of τ were calculated from the 

slope of the conductivity decay, which were tabulated in table 6.1 together with the 

standard error of the model fitting. It can be clearly seen that the presence of MWCNTs 

increases τ when compared with PANI annealed at all temperatures. The significant 

reduction of the decay rate of the electrical conductivity in the presence of MWCNTs is 

likely resulted from the retarded loss of the dopants observed in the TGA. From table 1, it is 

also shown that the increase in temperature annealing reduces τ dramatically. 
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Table 6.1.Calculation of the characteristic time of the degradation process (τ) using 

equation 6.2 and standard error of the lineal fitting. 
 100 oC 150 oC 200 oC 

 τ Error τ Error τ Error 

PANI 6.14 0.011 0.49 0.041 0.13 0 

5% MWCNT/PANI 30.06 0.003 1.15 0.029 0.23 0.509 

20% MWCNT/PANI 19.51 0.005 1.78 0.024 0.28 0.103 

50% MWCNT/PANI 353.37 0.001 20.79 0.011 5.01 0.003 

 

6.3 Thermal stability of MWCNT/PANI composite 
 

The thermal stability of MWCNT/PANI composite was also studied by Raman 

spectroscopy and the influence of the carbon nanotube loading was investigated (Paper IV). 

This investigation was done by two different set of experiments: 

 

In the first set of experiments, films of PANI-ES and MWCNT/PANI-ES composite with 20 

and 50% nanotube content were fabricated by drop casting the material on a silicon wafer, 

and drying the samples on a hot plate during 3 hours at 50 oC. The Raman spectroscopy was 

taken using different laser power and the results (Figure 6.11) reflect how the presence of 

nanotubes promotes the stability of the composite material under local annealing by laser 

radiation. When the laser power is low (0.3 mW), PANI and the MWCNT/PANI composites 

with 20 and 50% present the typical peaks for the materials in ES form and under low laser 

power. However, as the laser power is increased, first to 1.5 mW and then to 3 mW, PANI 

loses its characteristics peaks. The composite with 20% nanotube content still presents its 

characteristic peaks when the laser is increased to 1.5 mW, disappearing when the power is 

increased to 3 mW. However, the characteristic peaks of PANI, persistently remain for the 

composite with 50% nanotube content, even at the higher power (3 mW). The 

disappearance of all the characteristics features under the local laser irradiation (for PANI at 

1.5 mW and for 20% MWCNT/PANI composite at 3 mW) can be attributed to the 

destruction of the PANI backbone. This can be confirmed by the result in the Figure 6.11 

(d), which was obtained changing the laser power upon a fixed spot in the sample. After 

irradiation at 3 mW, when the sample (20% MWCNT/PANI) loses all the characteristic 
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peaks, the laser power is again lowered to 0.3 mW, however as it can be seen in the Figure 

6.11 (d), the Raman signals are not recovered.  

 
 

 
 
Figure 6.11.Raman spectra of PANI, MWCNTs and MWCNT/PANI composites with 20 and 
50% nanotube content collected with 514 nm wavelength laser line at different powers of 
(a) 0.3, (b) 1.5 and (C) 3 mW respectively; (d) Raman spectra of 20% MWCNT/PANI 
obtained on a fixed spot with variable power from 0.3 to 3 mW and subsequently back to 
0.3 mW (Figure adapted from Paper IV) 
 
 
Therefore, the presence of MWCNTs in the composite significantly enhances the structural 

stability of the surrounding PANI upon exposure to laser irradiation. Such enhancement is 

more significant with the increase of MWCNT content. If the laser irradiation is understood 

as a local annealing effect, then this phenomenon could be explained by the ultrahigh 

thermal conductivity of the MWCNTs, which would help to dissipate the heat fast enough 

to avoid the PANI backbone degradation.  

 

The second set of experiments performed to study the thermal stability of MWCNT/PANI 
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composites by Raman spectroscopy was as follows: films of PANI-ES and MWCNT/PANI-

ES composites were prepared by drop casting method, and baked in air atmosphere on a hot 

plate for 3 hours at different temperatures (e.g. 50, 100, 150, 200 oC, etc…). The samples 

were then cooled down to room temperature and Raman spectroscopy was taken using a 

low laser power (in order to avoid the effect of local annealing as we have seen in the 

Figure 6.11), aiming to study the influence of CNTs in the thermal stability of the 

composite material. 

 

 
Figure 6.12.Raman spectra from the bright and dark region of PANI after being baked in 

air at (a) 150 oC and (b) at 200 oC and those of 20% MWCNT/PANI composite baked at (c) 

100 oC and (d) 150 oC, respectively. Figure adapted from Paper IV. 

 

In contrast to the uniformity that the samples present in morphology, the films of PANI and 

MWCNT/PANI composite exhibit an apparent non-uniformity in brightness under optical 

microscopy. The Raman spectroscopy was intentionally taken from both regions separately 

(bright and dark) in order to investigate any possible difference in molecular state in the 

areas with different optical brightness. The results showed a different Raman spectra for the 

bright and dark areas (in the same sample) when the samples had been heat treated on the 
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hot plate at low temperatures (e.g. 50, 100 oC). And this difference disappeared when the 

sample was heat treated at higher temperatures (Figure 6.12). However, the heat treatment 

temperature at which the bright and dark Raman spectra became similar is not the same for 

PANI and for MWCNT/PANI composite. As it can be seen in the Figure 6.12, while PANI 

presents this molecular change between 150 and 200 oC, the 20% MWCNT/PANI 

composite does it between 100 and 150 oC. The Raman bands that both PANI and 

MWCNT/PANI present at low temperature (Figure 6.12 a and c) in the bright region 

indicates that both materials are in the doped state (ES) while the bands from the dark 

region are characteristic of the dedoped state (EB). Therefore, the change in the band of the 

bright regions becoming more similar to the dark region bands suggests the occurrence of a 

de-protonation process at high temperatures (Figure 6.12 b and d), which happens at lower 

temperatures for the MWCNT/PANI composite material than for PANI. 

 

When comparing the results from the thermal ageing of the electrical conductivity 

(presented in section 6.2) and the thermal stability results studied by Raman spectroscopy 

(presented in section 6.3), the conclusions seems to contravene each other. However, we 

have to take into account that while Raman spectroscopy is a surface measurement (due to 

the limited depth that the light can penetrate in the sample), the TGA and electrical 

measurements probe the bulk of the films. According to this, we could think of the 

MWCNT/PANI composite films as a heterogeneous structure where the surface, which is 

subject to direct contact with oxygen and humidity, presents a different property from the 

bulk film, and this way, the PANI at the surface is enhanced in loss of dopant by the 

presence of MWCNTs (probed by Raman) while PANI in bulk is retarded in loss of dopant 

by the presence of MWCNTs (concluded from TGA and electrical ageing measurements). 
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7. Device fabrication and system integration 
 
An effective and convenient way to explore and demonstrate the usability of the solution 

processable materials (f-MWCNT and MWCNT/PANI composite) and the ability to 

fabricate homogeneous thin films is to prepare simple thin film devices based on these 

functional materials. In the following chapter, two sensors are demonstrated: a pH sensor 

based on the water dispersible MWCNT/PANI composite and a humidity sensor based on f-

MWCNTs. Moreover, a humidity box is presented to demonstrate the system integration, 

where we combine the technology of the inkjet printing of silver nanoparticles with the 

functionality of the smart materials (humidity sensor made by f-MWCNTs). The discussion 

in this chapter refers to Paper III, VI and VII. 

 

7.1 Humidity sensor based on f-MWCNT 

 

With the aid of inkjet printing and spray coating, a humidity sensor based on f-MWCNTs 

was fabricated. Pristine MWCNTs are hardly sensitive towards humidity, however, 

MWCNTs functionalized by acid treatment (f-MWCNTs as shown in Section 2.3.1) exhibit 

rather high sensitivity in resistance towards humidity. By spray coating technique, f-

MWCNTs were deposited on prefabricated inkjet-printed interdigital electrodes and the 

resistance variation of the resistor as a function of the relative humidity was investigated 

under static and dynamic conditions. The static conditions were studied by placing the 

resistors in the environmental chamber, where the temperature is kept constant at 25 oC, and 

varying the humidity level stepwise. The measurement of the resistance was done 20 min 

after setting a new humidity level. As it can be seen from the Figure 7.1, the resistance 

increases exponentially and significantly as the relative humidity (RH) varied from 20% to 

95%.  
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Figure 7.1.Example of spray-coated f-MWCNTs resistor with inkjet-printed interdigital 
electrodes (left); response from an f-MWCNT resistor (and MWCNTs resistor in the inset) 
as a function of the relative humidity (right). Figure adapted from Paper VI. 
 

The variation in the resistance was also investigated under dynamic cycles between 70% 

and 95% (Figure 7.2 a). The f-MWCNTs resistor responds immediately to the increase of 

the humidity, reaching 90% of its steady-state value at 95% RH in about ~20 seconds. 

However, the recovery of the sensor is not as fast, probably due to the strong hydrogen 

bonding between the water molecules and the carboxylic groups on the nanotubes [158]; 

this is a typical phenomenon on gas sensors that could be easily solved by integrating a 

heater on the back side of the resistor [159].The repeatability of the f-MWCNT resistor was 

studied under static conditions changing the RH level from 30 to 95% repeatedly (Figure 

7.2 b). Between each measurement the resistor was re-set by placing it on a hotplate at 120 
oC for 30 min. 

 
Figure 7.2.(a) Dynamic study of the f-MWCNT resistor between 70 and 95% RH levels.(b) 
Repeatability study under static conditions of the f-MWCNT resistor when the RH level is 
changed from 30 to 95%. Figure adapted from Paper VI. 

(a) (b)
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Furthermore, the f-MWCNTs resistor was integrated into a wireless sensor platform (Figure 

7.3), and a flexible humidity sensor for ultra-high frequency applications was fabricated, 

which can be used for remote monitoring. In this work, the backscattered power strength is 

employed as measurement principle and the high frequency characterization of the sensor 

was done by measuring the voltage reflection coefficients (S11) as a function of frequency 

and at different humidity levels. 

 

 
Figure 7.3.(a) Block diagram of a wireless sensor platform based on backscattering 
principle. (b) Photograph of an f-MWCNT resistor connected with a coplanar waveguide 
for high frequency characterization. (c) f-MWCNT ultra-high frequency sensor response 
measured at 50%, 70% and 90% RH respectively. Figure adapted from Paper VI. 
 

7.2 pH sensor based on MWCNT/PANI composite 

 
As one of the potential applications of the MWCNT/PANI composites, a pH sensor was 

demonstrated with the 40% MWCNT/PANI composite. Following the work done for the 

humidity sensor, a MWCNT/PANI resistor (fabricated by spray coating the composite onto 

prefabricated inkjet-printed electrodes) was connected with a coplanar waveguide and a 

wireless sensor based on backscattering principle was fabricated. This type of sensors 

provides a more convenient and simpler measurement process than the conventional 

potentiometric and optical methods which are commonly used for PANI or its composites 

pH sensors [160].  

(a)

(b)

(c)



Nanofibrillar materials for organic and printable electronics 

 66 

 

Figure 7.4.Measured voltage reflection coefficient (S11) of the 40% MWCNT/PANI 
composite sensor as a function of frequency for pH values ranging from 1.5 to 3. 
 
As it can be seen in the Figure 7.4, as the pH increases (and the resistance increases as we 

show in Figure 6.5), the S11 increases; moreover, the differences in S11 response between 

the different pH levels keep almost constant at frequencies up to 1500 MHz. These results 

show the operability of this pH sensor for ultra-high frequency (UHF) application, and 

more specifically, for UHF radio-frequency identification (RFID) application (860-960 

MHz). 

 

7.3 System integration: iPack sensor-box. 

 

The humidity sensor (f-MWCNT resistor) presented in the section 7.1 was integrated in a 

sensor-box (Figure 7.5), a proof-of-concept to demonstrate the usability of the novel 

materials, novel sensors and in particular, to demonstrate that silicon-based electronics and 

printed electronics can be integrated into a hybrid interconnection platform which closes 

the gap between both technologies. 

 

The sensor-box contains a humidity sensor, a microcontroller, light emitting diodes (LEDs), 

a few resistors, a power source, the printed interconnections and programming pins. When 
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pressing a push-button, the sensor measures the relative room humidity and a specific 

amount of LEDs are turned on depending on the humidity value. All the circuitry of the 

sensor-box (including the sensor electrodes) was fabricated by inkjet printing of silver 

nanoparticles (Harima NPS-JL) on a Preflex substrate. The interconnections to the silicon 

based microcontroller were also fabricated by inkjet-printing technology as it can be seen in 

the Figure 7.5 (c). 

 
Figure 7.5.(a) Sensor-box basic principle, (b) final assembly of sensor-box prototype, (c) 
connected microcontroller, (d) view inside the box and (e) f-MWCNT based humidity sensor. 
Figure adapted from Paper VII. 
 
This type of sensor boxes are a promising solution for smart package applications because 

it integrates the advantages of the cost-effective manufacturing technology (printed 

technology) together with the smart functionality which novel functional materials can 

provide, giving new and smart functionalities to the product. 
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8. Summary and Future Outlook 
 
Organic electronics is a highly interdisciplinary research which includes chemistry, physics, 

materials science, device physics and electronics. This thesis resembles somehow this 

interdisciplinary aspect: we start by developing and optimizing materials for organic 

electronics, we continue by processing them in solution phase, fabricating devices with 

those materials and finally integrating the devices into a real system as a demo-application. 

 

The solution processability of the materials is one of the main challenges in organic 

electronics; the successful ability to deposit organic films by the less expensive solution-

based process on low-cost substrates is decisive when aiming towards cost-effective 

organic electronics. And this ability is based on the solution processability of the materials 

to be deposit. Therefore, in this thesis, we looked at different methods to disperse carbon 

nanotubes and polyaniline respectively. Moreover, a composite material consisting on 

MWCNTs and PANI was synthesized and by modifying the conventional synthesis 

procedure, a water dispersible composite material was developed. The MWCNT/PANI 

composite was characterized by different methods such as TGA, Raman spectroscopy, UV-

Vis and SEM, investigating the possible interaction between the nanotubes and the polymer. 

The influence of the nanotubes on the composite morphology was also studied and it was 

found that both the quantity and the type of nanotubes have a strong influence on the final 

composite morphology.  

 

Once we have obtained solution processable CNTs, PANI and MWCNT/PANI composites, 

the next step was to develop a technique to fabricate devices with these materials. Because 

organic electronics are based on thin film devices, the first step was the fabrication of 

uniform thin films on different substrates, from Si/SiO2 to flexible substrates such as PET, 

PEN, polyimide or papers. Spray coating technique was employed for this task and after 

optimizing the spray parameters, large-area and homogeneous films could be obtained for 

the different materials. The successful fabrication of the films gave us the opportunity to 

study several properties of the materials on film form, such as the electrical conductivity 

and its thermal ageing. 
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The following step was to integrate the materials into simple devices. For this task, inkjet 

printing technology was used to fabricate silver electrodes, and spray coating to deposit the 

functional material on the electrodes. Two sensors were fabricated this way, a pH sensor 

based on the composite material and a humidity sensor based on functionalized MWCNTs. 

The resistors were respectively connected with coplanar waveguides and wireless sensors 

based on backscattering principle were fabricated and characterized. Moreover, the 

humidity sensor (resistor) was integrated into a “sensor-box”, a demo which was fabricated 

to demonstrate a possible hybrid system integration capable of integrating conventional 

silicon technology with organic electronics. 

 

Future work: 

 

Finally, some considerations about future work: 

 

• Inkjet printing technology has a major advantage over spray coating technique on 

the film fabrication, which is the possibility of patterning. However, the 

performance of organic electronic devices is strongly dependent on the fabrication 

procedure. Therefore, ink formulation of the composite dispersions and the 

investigation of the electrical properties of the composite film fabricated by 

printing technology could be valuable.  

 

• According to our results, the presence of pure PANI nanofibers in the 

MWCNT/PANI composites with low content of nanotubes, could decrease the 

conductivity of the composite. Therefore, a solution to increase the electrical 

conductivity of the composite with low nanotube content could be the removal of 

those PANI nanofibers.  

 

• The sensor system presented for the humidity sensor could also be implemented 

for gas sensing applications, for example, for ammonia gas which is highly toxic, 

where the MWCNT/PANI composite material thanks to its acid/base 

doping/dedoping chemistry could be the functional material of the sensor. 
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